Increased lymphocyte turnover is a hallmark of pathogenic lentiviral infection. To investigate perturbations in lymphocyte dynamics in natural hosts with nonpathogenic simian immunodeficiency virus (SIV) infection, the nucleoside analog bromodeoxyuridine (BrdU) was administered to six naturally SIV-infected and five SIV-negative sooty mangabeys. As a measure of lymphocyte turnover, we estimated the mean death rate by fitting a mathematical model to the fraction of BrdU-labeled cells during a 2-week labeling and a median 10-week delabeling period. Despite significantly lower total T-and B-lymphocyte counts in SIV-infected sooty mangabeys than in SIV-negative mangabeys, the turnover rate of B lymphocytes and CD4
Increased lymphocyte turnover is a hallmark of pathogenic lentiviral infection. To investigate perturbations in lymphocyte dynamics in natural hosts with nonpathogenic simian immunodeficiency virus (SIV) infection, the nucleoside analog bromodeoxyuridine (BrdU) was administered to six naturally SIV-infected and five SIV-negative sooty mangabeys. As a measure of lymphocyte turnover, we estimated the mean death rate by fitting a mathematical model to the fraction of BrdU-labeled cells during a 2-week labeling and a median 10-week delabeling period. Despite significantly lower total T-and B-lymphocyte counts in SIV-infected sooty mangabeys than in SIV-negative mangabeys, the turnover rate of B lymphocytes and CD4
؉ and CD8 ؉ T lymphocytes was not increased in the SIV-infected animals. A small, rapidly proliferating CD45RA
؉ memory subset and a large, slower-proliferating CD45RA
؊ central memory subset of CD4 ؉ T lymphocytes identified in the peripheral blood of sooty mangabeys also did not show evidence of increased turnover in the context of SIV infection. Independently of SIV infection, the turnover of CD4 ؉ T lymphocytes in sooty mangabeys was significantly higher (P < 0.01) than that of CD8 ؉ T lymphocytes, a finding hitherto not reported in rhesus macaques or humans. The absence of aberrant T-lymphocyte turnover along with an inherently high rate of CD4
؉ T-lymphocyte turnover may help to preserve the pool of central memory CD4 ؉ T lymphocytes in viremic SIV-infected sooty mangabeys and protect against progression to AIDS.
Perturbations in lymphocyte dynamics manifesting as increased lymphocyte turnover are a hallmark of chronic human immunodeficiency virus (HIV) infection in humans and simian immunodeficiency virus (SIV) infection in rhesus macaques and believed to be central to the pathogenesis of CD4 ϩ Tlymphocyte depletion in AIDS (6, 11, 12, 14, 19, 20, 27, 28) . Although the underlying mechanisms have been extensively debated, there is widespread consensus that increased T-cell activation is a critical factor driving the increased T-lymphocyte turnover in AIDS (10) . A homeostatic response to CD4 ϩ T-lymphocyte depletion is unlikely to be the sole or major driving force since it does not account for the increased turnover of other lymphocyte subsets such as CD8 ϩ T lymphocytes, B lymphocytes, and NK cells (6) . Furthermore, normalization of increased lymphocyte turnover in HIV-infected individuals on antiretroviral treatment is associated with suppression of viremia and immune activation and occurs prior to recovery from CD4 ϩ T lymphocytopenia (10, 15, 20) . Sooty mangabeys are one of several nonhuman primate species of African origin that are natural hosts of SIV. Despite the presence of persistent viremia ranging between 10 3 and 10
7
SIV RNA copies/ml plasma, naturally SIV-infected sooty mangabeys typically do not develop AIDS (25, 29) . Over the more than 20 years since SIV infection was first recognized in captive sooty mangabeys, there has been only one reported case of AIDS in this natural host (16) . The mechanism of nonpathogenicity in this species is a subject of intense research. Unlike the case with pathogenic SIV infection, SIV-infected sooty mangabeys show little evidence of increased immune activation (29) . Studies using the proliferation antigen marker Ki-67 have shown no difference in the fraction of Ki-67-positive CD8 ϩ T lymphocytes (3, 29) between SIV-infected and SIV-negative sooty mangabeys, raising the possibility that lymphocyte turnover is not increased in nonpathogenic SIV infection in its natural host. However, the data on CD4 ϩ T-lymphocyte proliferation in SIV-infected sooty mangabeys remain controversial. One study reported an increase in the fraction of Ki-67 ϩ CD4 ϩ T lymphocytes in the peripheral blood of SIVinfected sooty mangabeys (29) , while another study found no difference in this fraction between SIV-negative and SIV-infected sooty mangabeys (3) .
In this study, we have investigated lymphocyte dynamics in SIV-negative and SIV-infected sooty mangabeys by prolonged in vivo administration of the DNA nucleoside analog bromodeoxyuridine (BrdU). In contrast to Ki-67 antigen, which provides a snapshot view of cells proliferating at a given point in time, BrdU administration has the advantage of enabling dynamic follow-up of a population of dividing cells that incorporate BrdU during the labeling period. Additionally, Ki-67 positivity need not always denote cycling cells. ϩ CD4 ϩ T lymphocytes in HIV-infected individuals can show evidence of cell cycle arrest in the G 1 phase (4). BrdU gets incorporated into the DNA of dividing cells via the nucleoside salvage pathway and can be detected by flow cytometry (27) . Loss of BrdU label in a phenotypically defined population can signify cell death, decay of BrdU label due to repeated cell divisions, cell differentiation, or exit of a labeled cell out of the peripheral blood compartment being sampled. Modeling the rate of uptake and decay of BrdU label provides useful quantitative information on the dynamics of defined B-and T-lymphocyte populations in sooty mangabeys. Our results conclusively demonstrate an absence of increased turnover of multiple lymphocyte subsets including memory CD4 ϩ T lymphocytes in viremic SIV-infected sooty mangabeys. We also report a significantly higher turnover rate of CD4 ϩ T lymphocytes than of CD8 ϩ T lymphocytes in sooty mangabeys, a finding hitherto not reported in rhesus macaques or humans. The absence of aberrant T-lymphocyte turnover combined with an inherently high turnover rate of CD4 ϩ T lymphocytes may be an important factor protecting sooty mangabeys against SIV-induced CD4 (APC), anti-CD8 (clone 51.1; American Type Culture Collection) custom conjugated to Cascade Blue (Chromaprobe, Mountain View, CA), anti-CD20 (clone G44-26) conjugated to PE-Cy5, anti-CD45RA (clone L48) custom conjugated to APC, anti-CD44 (clone G44-26) conjugated to PE, anti-CD28 (clone 28.2) conjugated to PE or FITC, and anti-CD95 (clone DX2) conjugated to APC. Streptavidin Red613 (Gibco) was used as the secondary antibody. Antibodies were obtained from BD Biosciences unless stated otherwise.
Mathematical modeling of lymphocyte turnover. The fraction of BrdU-labeled cells over time was fitted to a previously used model of BrdU labeling, and lymphocyte turnover was determined by estimating the mean death rate, d (per day), of defined cell populations as previously reported (6, 26) . Briefly, we have a resting population that does not label, U R , but a fraction of which can expand into the dividing pool where labeling occurs at a rate a per cell. In addition to the expansion of the resting population into the dividing activated pool, the labeled fraction, L A , is also affected by the rates of proliferation and death of this population, p A and d A , respectively. During BrdU labeling, equations for the unlabeled and labeled (U A and L A , respectively) cells in the activated populations can be written (equation 1), where proliferation of an unlabeled cell results in two labeled daughter cells.
During the delabeling phase, activation from the resting pool results in unlabeled activated cells, and the equations for the activated population are
From equations 1 and 2 we can deduce the fraction of labeled cells over time, before and after the labeling ends at time t E .
where f A represents the fraction of activated cells, assumed constant and given by the quotient of activated cells over total cells. Since the B-lymphocyte labeling profile showed an increase in the percentage of BrdU ϩ cells well past the end of BrdU intake, the labeling times, t E , in our fits of the B-lymphocyte kinetics were allowed to be free as described previously (6) . The increase in BrdU ϩ B cells beyond the time of label administration was likely due to recirculating B lymphocytes.
From the curve fits, the fraction of dividing cells (f A ) and the proliferation (p A ) and death (d A ) rates were estimated. The mean death rate d (per day) is defined as the weighted average of the death rates of the dividing and resting populations, i.e., d A f A ϩ 0(1 Ϫ f A ), because we assume that the resting population has a negligible death rate, at least within the time scales of this experiment. This has been shown to be a more robust parameter in this modeling approach and largely independent of the choice of the mathematical model (5) .
With one exception, we were able to fit the data well and obtain estimates of the mean death rate of different lymphocyte subsets. The naïve CD4 ϩ T-cell kinetics for one SIV-negative mangabey (mangabey FZN) did not give a reliable fit due to lack of convergence of the Levenberg-Marquardt procedure used to fit the data, and hence this animal was excluded from analysis of turnover of naïve CD4 ϩ T lymphocytes. Statistical analysis. The nonparametric Mann-Whitney U test was used for unpaired comparisons and the nonparametric Wilcoxon signed-rank test was used for paired comparisons, while the Pearson test was used for correlation analysis. Statistical analysis was performed with Statview (Abacus Concepts, Berkeley, CA) and GraphPad Prism (GraphPad Software Inc., San Diego, CA).
RESULTS

Perturbations in peripheral T-and B-lymphocyte counts in
SIV-infected sooty mangabeys. Plasma SIV RNA levels ranged between 8.3 ϫ 10 3 and 2.0 ϫ 10 5 copies/ml (median, 7.8 ϫ 10
Based on the usual age of SIV seroconversion in captive sooty mangabeys (8), the SIV-infected mangabeys in this study would have been infected for at least 2 years (range, 2 to 9 years) at the time of BrdU administration. Peripheral T (CD3 ϩ )-and B (CD20 ϩ )-lymphocyte counts were significantly lower (P Ͻ 0.05) in the SIV-infected than in the SIV-negative sooty mangabeys (Fig. 1A) . A trend for lower CD4 ϩ T-lymphocyte counts in the SIV-infected mangabeys (median, 589/ l; range, 33 to 1,856/l) than in the SIV-negative mangabeys (median, 1,233/l; range, 892 to 1,684/l) did not reach statistical significance (Fig. 1B) . Since an age-related decline in CD4 ϩ T-lymphocyte counts has been reported in sooty mangabeys (2), we investigated whether the differences in lymphocyte counts between SIV-negative and SIV-infected sooty mangabeys could be attributed to age. An inverse correlation between age and peripheral T-or B-cell counts was not observed (Fig.  1C) . Thus, the B and T lymphopenia appears to be a direct consequence of SIV infection. These data indicate that SIV infection is not silent in its natural host.
Absence of increased T-and B-lymphocyte turnover in SIVinfected sooty mangabeys. In order to investigate whether chronic SIV viremia also leads to perturbations in lymphocyte turnover in sooty mangabeys, the fraction of BrdU-labeled cells in the peripheral blood of six naturally SIV-infected and five SIV-negative sooty mangabeys given intraperitoneal BrdU was measured over time by five-color flow cytometry. Blood was sampled twice a week during the 2-week period of BrdU administration (label phase) and once or twice a week thereafter, for a median of 10 weeks (decay phase). BrdU label in the CD4 ϩ T lymphocytes of one SIV-infected sooty mangabey with profound CD4 ϩ T lymphocytopenia (Fig. 1B) could not be reliably assessed because of low cell numbers, and hence this animal was excluded from analysis of CD4 ϩ T-lymphocyte turnover.
BrdU label accumulated and decayed exponentially in CD4 ϩ and CD8 ϩ T lymphocytes and in B lymphocytes ( Fig.  1D to F) . Despite the differences in lymphocyte counts between SIV-infected and SIV-negative sooty mangabeys, there was considerable overlap in the rate of uptake and decay of BrdU label in T and B lymphocytes between the two animal groups ( Fig. 1D to F) . At the end of the labeling period, B lymphocytes contained the highest proportion of BrdU-labeled cells (mean Ϯ standard deviation [SD], 19.7% Ϯ 5.9%), followed by CD4
ϩ T lymphocytes (mean Ϯ SD, 12.3% Ϯ 5.5%) and CD8
ϩ T lymphocytes (mean Ϯ SD, 9.7% Ϯ 3.5%). The fraction of BrdU-labeled cells over time was fitted with a mathematical model and used to estimate the mean death rate d of different lymphocyte subsets as a measure of their turnover ( Fig. 2A) . Consistent with the considerable overlap in BrdU label uptake and decay between SIV-infected and SIVnegative sooty mangabeys, there was no difference in the mean death rates of CD4 ϩ T lymphocytes, CD8 ϩ T lymphocytes, and B lymphocytes between the two animal groups (Table 1) , confirming the absence of increased lymphocyte turnover in sooty mangabeys naturally infected with SIV. Despite the presence of low CD4 ϩ T-lymphocyte and B-lymphocyte counts in SIVinfected sooty mangabeys (Fig. 1A and B) , there were no statistically significant correlations between CD4 ϩ T or B lymphopenia and the mean death rate of the respective lymphocyte subsets (data not shown). The level of SIV viremia did not correlate with the turnover rate of any lymphocyte subset, and neither did it correlate with CD4 ϩ T lymphocytopenia (data not shown).
There was a strong positive correlation between the turnover rates of total CD4 ϩ and CD8 ϩ T lymphocytes (Fig. 2B ) and CD45RA Ϫ memory CD4 ϩ and CD8 ϩ T lymphocytes (r ϭ ϩ0.80; P ϭ 0.005; data not shown). Thus, similar to rhesus macaques, the turnover of the two T-lymphocyte subsets is closely linked and likely regulated by the same factor(s). In contrast to that in rhesus macaques (6), B-lymphocyte turnover in the sooty mangabeys was inversely correlated with CD4 ϩ T-lymphocyte turnover (Fig. 2C ) and did not correlate with CD8 ϩ T-lymphocyte turnover (data not shown).
High turnover rate of CD4
؉ T lymphocytes in sooty mangabeys. In order to ascertain whether the dynamics of normal lymphocyte turnover differed between sooty mangabeys and rhesus macaques, we investigated the relative turnover rates of different lymphocyte subsets in sooty mangabeys. Similar to findings in rhesus macaques (6) , the turnover rate of B lymphocytes in sooty mangabeys was significantly higher than that 
of CD4
ϩ and CD8 ϩ T lymphocytes (Fig. 3A) . The estimated mean half-life of total B lymphocytes was 41 days compared to 63 days for CD4 ϩ T lymphocytes and 93 days for CD8 ϩ T lymphocytes (Table 2) . Interestingly, CD4
ϩ T lymphocytes had a significantly higher mean death rate and shorter half-life than did CD8 ϩ T lymphocytes ( Fig. 3A and B; Table 3 ), an observation not previously reported in rhesus macaques or humans. The difference in turnover rate did not appear to be due to differences in the composition of memory cells within CD4 ϩ and CD8 ϩ T lymphocytes. CD45RA Ϫ memory cells were the dominant population and present at comparable frequencies within both CD4 ϩ and CD8 ϩ T lymphocytes (data not shown). Moreover, CD45RA
Ϫ memory CD4 ϩ T lymphocytes also had a significantly higher mean death rate than did CD45RA Ϫ memory CD8 ϩ T lymphocytes (Table 3) . Finally, the difference in turnover rate between CD4 ϩ and CD8 ϩ T lymphocytes was apparent even when the SIV-negative and SIV-infected mangabeys were analyzed separately (Fig. 3C) hi (designated as "CD45RA ϩ memory") (Fig. 4A) . In separate four-color flow cytometry experiments performed on peripheral blood and tissue lymphocytes derived from SIV-negative sooty mangabeys, lymphocytes were stained for surface CD4, CD44, and CD45RA concurrent with CD95, a marker used to distinguish memory from naïve cells (24) . CD4 ϩ T lymphocytes designated as CD45RA Ϫ and CD45RA ϩ memory were larger in size (higher forward scatter) and expressed more CD95 than did cells designated as "naïve" (Fig. 4A) . Consistent with a naïve phenotype, CD44 lo/Ϫ CD45RA ϩ cells made up the majority of CD4 ϩ T lymphocytes in a newborn (10-day-old) mangabey and declined with increasing age (Fig. 4B) . Additional validation of the naïve and memory phenotypic designations was provided by their differential distribution at inductive and effector tissue sites. Tissue lymphocytes derived at necropsy from three SIV-negative sooty mangabeys that had died of natural causes were analyzed (Fig. 4C ). Naïve CD4 ϩ T lymphocytes were enriched at an inductive site represented by the lymph node but accounted for Ͻ15% of CD4 ϩ T cells at effector sites represented by the jejunal mucosa and lung tissue (Fig. 4C) . Conversely, CD45RA
Ϫ memory cells accounted for Ͼ70% of CD4 ϩ T lymphocytes at these two effector sites but were not the dominant population in the lymph nodes (Fig.  4C) . Of note, the majority of CD45RA Ϫ memory CD4 ϩ T lymphocytes in the peripheral blood were CD28 ϩ (Fig. 4D ), suggesting that they were central memory cells (24) . In all, these data broadly support the naïve and memory designation of CD4 ϩ T lymphocytes based on coexpression patterns of CD44 and CD45RA. Coexpression of CD44 and CD45RA on CD8 ϩ T lymphocytes showed considerable variability in patterns of expression that could not be sufficiently validated by four-color flow cytometry (data not shown). Hence, turnover of only the CD45RA Ϫ memory subset of CD8 ϩ T lymphocytes was analyzed.
Mathematical modeling showed a good fit of the BrdU label data for the CD45RA Ϫ memory CD4 ϩ and CD8 ϩ T lymphocytes (Fig. 5A) . The fit quality was not as good for the naïve and CD45RA ϩ memory CD4 ϩ T lymphocytes, possibly due to the smaller size of these pools leading to greater variation in the data (Fig. 5A) . Nevertheless, we found that the mean death rate estimated for the whole CD4 ϩ T-lymphocyte population and the weighted mean death rate, considering the fractions and death rates of each subpopulation, differed by an average of only 6%.
SIV-infected sooty mangabeys had lower absolute numbers of naïve and memory CD4 ϩ T lymphocytes than did SIV- negative sooty mangabeys, although the differences did not reach statistical significance (Fig. 5B) . Similar to the total CD4 ϩ and CD8 ϩ T-lymphocyte population, there was no difference in the mean death rate of the naïve and memory CD4 ϩ and memory CD8 ϩ T-lymphocyte subpopulations between SIV-infected and SIV-negative sooty mangabeys ( Table 1) , suggesting that the absence of increased turnover in viremic SIV-infected sooty mangabeys applies to both naïve and memory T-lymphocyte populations.
Consistent with their naïve and memory designations, naïve CD4 ϩ T lymphocytes had a longer half-life than did the two memory CD4
ϩ T-lymphocyte populations ( Fig. 4E ; Table 2 ). The CD45RA ϩ memory cells, which accounted for Ͻ10% (range, 3.1 to 8.0%) of CD4 ϩ T lymphocytes, were composed of rapidly proliferating cells with a significantly shorter half-life (mean, 38 days) than that of the naïve subset and the dominant CD45RA Ϫ memory subset of CD4 ϩ T lymphocytes ( Fig. 4E ; Table 2 ). However, the difference in turnover rate of naïve and CD45RA Ϫ memory CD4 ϩ T lymphocytes failed to reach statistical significance (Fig. 4E ). An overlap between the naïve and the rapidly proliferating CD45RA ϩ memory CD4 ϩ T lymphocytes ( Fig. 4A ) might have led to an overestimation of the turnover rate of the naïve CD4 ϩ T lymphocytes. The turnover of total CD4 ϩ T lymphocytes was strongly correlated with the dominant CD45RA Ϫ memory population (r ϭ ϩ0.70, P ϭ 0.02) and less so with the minor CD45RA ϩ memory population (r ϭ ϩ0.54, P ϭ 0.10). There was no correlation between the turnover of total and naïve CD4 ϩ T lymphocytes (r ϭ ϩ0.007, P ϭ 0.98) or between CD45RA Ϫ memory and naïve CD4 ϩ T lymphocytes (r ϭ ϩ0.06, P ϭ 0.88), suggesting that the homeostatic mechanisms for maintaining naïve and memory CD4 ϩ T lymphocytes in the peripheral blood are independently regulated.
DISCUSSION
By modeling the rate of uptake and decay of BrdU label in vivo in sooty mangabeys, this study provides the first dynamic estimates of lymphocyte turnover in a natural host of SIV. Our study confirms the absence of increased turnover of CD8 ϩ T lymphocytes in viremic naturally SIV-infected sooty mangabeys and, additionally, extends this observation to multiple other lymphocyte subsets, namely, total, naïve, and memory CD4 ϩ T lymphocytes and total B lymphocytes. Other notable findings include the identification of a rapidly proliferating CD44 hi CD45RA hi memory subset of CD4 ϩ T lymphocytes in sooty mangabeys and demonstration of a faster turnover of CD4 ϩ T lymphocytes than of CD8 ϩ T lymphocytes in this species.
Similar to pathogenic lentiviral infection, SIV-infected sooty mangabeys had significantly lower total T-and B-lymphocyte counts and a trend toward lower numbers of naïve and memory CD4 ϩ T lymphocytes compared to SIV-negative sooty mangabeys. The lymphopenia was not related to aging and was likely a direct result of SIV infection. Despite these perturbations, lymphocyte turnover was not increased and there was no correlation between lymphocyte turnover and viral load or the extent of CD4 ϩ T lymphocytopenia in SIV-infected sooty mangabeys. These findings contrast with the twofold-orgreater increase in turnover of multiple lymphocyte subsets (CD4 ϩ and CD8 ϩ T lymphocytes, B lymphocytes, and NK cells) directly related to the level of viremia and extent of CD4 ϩ T lymphocytopenia observed in SIV-infected rhesus macaques (6, 19, 27) . The presence of T and B lymphopenia but not increased lymphocyte turnover in naturally SIV-infected sooty mangabeys suggests that homeostatic mechanisms do not contribute in any significant manner to the occurrence of aberrant lymphocyte turnover in AIDS. Instead, these data provide further support for chronic immune activation being the principal driving force behind the increased lymphocyte turnover of pathogenic lentiviral infection. Why chronic viremia is not associated with aberrant immune activation in natural hosts of SIV is still not known. We have previously shown that the magnitude and quality of the SIV-specific T-cell response do not differ between naturally SIV-infected sooty mangabeys and rhesus macaques with chronic pathogenic SIV infection (31) . Hence, it is unlikely that the aberrant immune activation in AIDS reflects immunopathology due to an inappropriate or excessive antiviral T-cell immune response. The presence of an intact adaptive T-cell response to SIV in sooty mangabeys suggests that proliferation of SIV-specific T lymphocytes has little or no contribution to the increased T-cell turnover of pathogenic chronic lentiviral infection.
This study has provided important insights into the biology of normal lymphocyte turnover in sooty mangabeys and points to the intriguing possibility of species-specific differences between hosts with pathogenic and nonpathogenic lentiviral infection. With the exception of Ki-67 expression (3), there are no comparative data on differences or similarities in the biology of lymphocyte turnover between sooty mangabeys and rhesus macaques. In published studies that have used in vivo BrdU labeling to compute lymphocyte turnover in rhesus macaques, BrdU was either administered orally for 3 weeks (6, 19) or administered for 2 weeks via the intraperitoneal and oral routes (27) . Since the measured death rate of lymphocytes using in vivo DNA labeling techniques is subject to variation with the length of the labeling period, dosage, and route of administration and the mathematical model used for calculation of turnover rates (1, 5) , comparison of actual turnover rates between different studies is difficult. However, interspecies comparisons based on relative turnover rates of different lymphocyte subsets may still be meaningful. Thus, BrdU labeling studies have highlighted certain similarities in lymphocyte turnover between sooty mangabeys and rhesus macaques (6, 19, 27) . In both species, B lymphocytes turn over at a significantly higher rate than do T lymphocytes. Additionally, the strong direct correlation between CD4 ϩ and CD8 ϩ T-lymphocyte turnover suggests that the turnover of the two major T-lymphocyte subsets is closely linked and likely influenced by similar factors in the two nonhuman primate species.
Two possible differences from rhesus macaques were observed. The turnover rate of CD4 ϩ T lymphocytes in sooty mangabeys was significantly higher than that of CD8 ϩ T lymphocytes irrespective of the presence or absence of SIV infection. Such a difference has not to our knowledge been reported for rhesus macaques. In one BrdU labeling study which used the same mathematical model used in the current study, the measured mean death rates of CD4 ϩ and CD8 ϩ T lymphocytes in rhesus macaques did not appear to be different from each other. In contrast, CD8
ϩ T-lymphocyte turnover in SIVnegative rhesus macaques appeared to be equal to or higher than CD4
ϩ T-lymphocyte turnover (6) . The calculated mean daily replacement rates for CD3 ϩ CD4 ϩ and CD3 ϩ CD4 Ϫ T lymphocytes in SIV-negative rhesus macaques were 0.9% and 1.1%, respectively (6, 19) . In our study, the corresponding mean daily replacement rates in sooty mangabeys were 1.2% for CD4
ϩ T lymphocytes and 0.8% for CD8 ϩ T lymphocytes. It should be noted that because of different study designs, including duration and route of BrdU administration, the interstudy comparison does not allow us to ascertain whether the turnover rate of CD4 ϩ T lymphocytes in sooty mangabeys is significantly different from that in rhesus macaques. Although our study revealed a roughly 30% higher turnover rate of CD4 ϩ T lymphocytes than of CD8 ϩ T lymphocytes in sooty mangabeys, studies based on Ki-67 expression have not reported such a difference (3, 29) . This discrepancy is likely related to differences in the methodology of measuring lymphocyte turnover. While Ki-67 antigen provides a snapshot view of proliferating cells, in vivo BrdU administration results in cumulative information on labeled cycling cells which can be followed over time. A time series analysis of labeling and delabeling in lymphocytes provides a more powerful and sensitive measure of T-lymphocyte turnover.
Another difference from rhesus macaques was the lack of any correlation between B-lymphocyte and CD8 ϩ T-lymphocyte turnover and an inverse correlation between the turnover of B lymphocytes and CD4 ϩ T lymphocytes in sooty mangabeys. In rhesus macaques, B-lymphocyte turnover was shown to be directly correlated with both CD4 ϩ and CD8 ϩ T-lymphocyte turnover (6) . Since this analysis mainly included SIVinfected macaques (6), it is possible that the direct correlation between B-lymphocyte turnover and turnover of T-lymphocyte subsets reflected increased turnover of all lymphocyte subsets in SIV infection rather than a true difference in lymphocyte turnover biology between rhesus macaques and sooty mangabeys.
The finding of a higher turnover rate of CD4 ϩ T lymphocytes relative to CD8 ϩ T lymphocytes in sooty mangabeys was unexpected. A higher turnover rate of CD4 (13, 21) . In human subjects with bone marrow transplant or chemotherapy-induced myelosuppression, regeneration of CD8 ϩ T lymphocytes occurs significantly faster than does CD4 ϩ T-lymphocyte regeneration (18) . However, factors responsible for antigen-driven proliferation may be quite different from those driving normal turnover of memory T lymphocytes. In the murine system, it has been shown that normal turnover of memory CD8 ϩ T lymphocytes is T-cell receptor independent and mediated by interleukin 15 (32) . Interestingly, proliferation of different memory subsets of CD4 ϩ T lymphocytes in mice can be as high as or higher than that of CD8 ϩ T lymphocytes (30, 32) . Recently, a higher turnover of CD4 ϩ T cells than of CD8 ϩ T cells has also been observed in HIV-negative volunteers from ex vivo BrdU labeling studies of peripheral blood mononuclear cells (Marta Catalfamo, personal communication). Hence, the finding of higher turnover rates of CD4 ϩ T lymphocytes may not be unique to sooty mangabeys. It remains to be determined whether sooty mangabeys have a greater homeostatic proliferative capacity of CD4 ϩ T lymphocytes than do rhesus macaques. If true, it raises the intriguing possibility that an inherently higher rate of CD4 ϩ T-lymphocyte turnover helps protect sooty mangabeys against developing irreversible CD4 ϩ T-lymphocyte depletion.
This paper is also the first to report on the cycling properties of naïve and memory CD4 ϩ T-lymphocyte subsets in sooty mangabeys. Based on coexpression of CD44 and CD45RA, a long-lived CD45RA
Ϫ memory population and a short-lived CD45RA ϩ memory population of peripheral blood CD4 ϩ T lymphocytes were identified. The rapidly cycling CD45RA ϩ memory CD4 ϩ T lymphocytes constituted Ͻ10% of peripheral CD4 ϩ T lymphocytes and are likely effector memory cells (12, 17) . The slower-proliferating CD45RA Ϫ memory subset, which made up most of the memory CD4 ϩ T lymphocytes, largely consists of CD28 ϩ cells in the peripheral blood and thus is likely to consist predominantly of central memory CD4 ϩ T lymphocytes. There was no evidence of increased turnover of either the short-lived effector or the long-lived central memory CD4
ϩ T lymphocytes in SIV-infected mangabeys, consistent with immune activation being the principal driver of increased proliferation in AIDS. This observation is particularly striking in light of the recent observation that acute SIV infection induces significant depletion of CD4 ϩ T lymphocytes at effector sites even in its natural host (9, 23) . Even though it is likely that depletion of CD4 ϩ T lymphocytes at effector sites continues into the chronic phase of SIV infection in sooty mangabeys, the absence of increased turnover of memory CD4 ϩ T lymphocytes suggests that its extent is limited in SIV-infected sooty mangabeys. Thus, constraints on central memory CD4 ϩ T-lymphocyte homeostasis imposed by continuing loss of effector memory CD4 ϩ T lymphocytes that are observed in SIVinfected rhesus macaques progressing to AIDS (22) appear to be restricted or absent in SIV-infected sooty mangabeys.
In summary, this study conclusively demonstrates the absence of increased turnover of multiple lymphocyte subsets during the chronic phase of infection in a natural host of SIV. Our data suggest that normal T-cell turnover, an intrinsically high rate of CD4 ϩ T-lymphocyte turnover compared to CD8 ϩ T-lymphocyte turnover, and an intact central memory CD4
ϩ T-lymphocyte pool may all be contributing factors that help maintain adequate CD4 ϩ T-cell homeostasis for a prolonged duration in SIV-infected sooty mangabeys.
